[1] An extraordinary dust event over Beijing (April 2006) was followed by a synergy of lidar, Sun photometric and satellite measurements. Extreme aerosol optical depth (AOD) values (1 -4) were measured by AERONET and MODIS over Beijing. The size distribution of the particles remained close to 2.5 mm and the single scattering albedo was around 0.92 ± 0.5 (440 nm). Coarse particles contributed to more than 60-80% to the AOD values, indicating the presence of very large particles (Å ngström exponent <0.3). Coarse particle contribution to total AOD is associated with the free-tropospheric aerosols calculated by lidar profiles (65%). Lidar vertical profiles with AOD values from AERONET were used to estimate a typical lidar ratio for the dust particles (84 sr) during the most intense dust period. The DREAM forecast model was applied for the accurate description of the dust event evolution. Ground-truth data were used for the validation of DREAM over the Beijing area. 
Introduction
[2] In China the main desert areas, which are important aerosol particle sources that strongly affect the air quality over the Beijing area, are located in Xingjiang and the Inner Mongolia provinces [Sun et al., 2001] . Strong winds blow sand, from desert regions, into the free troposphere where it is advected over great distances [Dillner et al., 2006] . The increasing urbanization and industrialization of the East Asia region, in accordance with the intense dust storm events mostly occurring in spring time, lead to continuously increasing particulate matter particularly in the lower troposphere [Eck et al., 2005; Cheng et al., 2006] . Thus, the air quality in the city of Beijing is drastically affected by both anthropogenic (combustion-related) and naturally occurring (wind-blown mineral dust particles) aerosols. These aerosols have drawn significant attention in the last years due to their role in the world climate research [Xu et al., 2003] . The aerosol properties and their spatial and temporal variations over northern China -during dust events -have been studied using ground-based radiometer data in the late years [Eck et al., 2005; Cheng et al., 2006; Xia et al., 2005 Xia et al., , 2006 . However, range-resolved information on Chinese dust optical properties and their spatial and temporal resolution is still limited. Recently, a 532 nm elastic lidar station was established in the Beijing area. This paper reports on an extraordinary dust event occurred over Beijing during April 2006 inducing large variability on the AOD. The dust event was followed by state-of-the-art synergistic aerosol lidar and sun photometric measurements, in conjunction with satellite observations. The contribution of natural and anthropogenic sources on the total load is studied and the obtained comprehensive dataset is used to validate a dust forecast model in the Beijing area.
Instrumentation and Methods
[3] The lidar system used (LB10-D200 model, Raymetrics S.A.) is designed to perform continuous measurements of aerosol particles at 532 nm in the Planetary Boundary Layer (PBL) and the free troposphere (FT). To retrieve the aerosol backscatter coefficient (b aer ) the standard Klett technique was applied [Klett, 1981] , which results to an average uncertainty on b aer of 20 -30% [Bösenberg et al., 1997] . The sun photometric observations were performed by a CIMEL radiometer, of the Aerosol Robotic Network (AERONET) [Holben et al., 1998 ], located in Beijing (39 58 0 37 00 N, 116 22 0 51 00 E) . The accuracy of the presented AOD measurements is of the order of ±0.03 regarding the level 1.5 (cloud-screened) data. The Moderate Resolution Imaging Spectro-Radiometer (MODIS)/Terra aerosol 5-min level-2 swaths (v.04) were retrieved through NASA's Earth Observing System Data Gateway. AOD values at 550 nm were extracted with an uncertainty of ±0.05 ±0.15*AOD over land [Remer et al., 2005] . The Dust Regional Atmospheric Model (DREAM) [Nickovic et al., 2001] was used for the accurate description of the dust load in the atmosphere.
Results and Discussion
[4] Due to combined influences of arid dust production regions and large regional populations, the East Asian region often experiences very high concentrations of tropospheric aerosols. Qiu and Yang [2000] , Xia et al. [2005 Xia et al. [ , 2006 and Fan et al. [2006] report that in China the dust events are most frequent during the spring and early summer period. In addition, Eck et al. [2005] report that the highest AOD values (between 2 and 4.5) in the region were observed by AERONET in the city of Beijing for the time period 2002 -2003 mostly in spring and summer, where their monthly mean values ranged from $0.40 to 1.10 at 500 nm, while the Å ngström exponent (a) values were ranging from 1 down to 0.
[5] In 2006, the dust activity was very pronounced during the month of April. The temporal evolution of the AOD at 440, 675 and 1020 nm, over Beijing in April 2006, observed by CIMEL (AERONET level 1.5 data) is shown in Figure 1a . The observed maxima of the AOD values were nearly all, over 1 and their mean values were of the order of 2 ± 0.2 at 440 nm, while some more pronounced values (over 2.5) were measured over certain days (i.e. April, 4, 9 -11, 16-18, 26 and 29). Among these dates the period of April 15-20, deserves more attention, due to the strong variation of the AOD values, which reached nearly 4 at all wavelengths mainly between days of April 16 and 18.
[6] Figure 1b shows the temporal evolution of the a values, calculated from the wavelength pair 440 and 870 nm (CIMEL data). The anti-correlation observed between the AOD and a values shows that during the periods of large dust loads (AOD > 1) the values of a are very low, even reaching 0.1 (April, 17) or negative values (April, 23), indicating the presence of very large dust aerosols over Beijing at that period. Figure 1c shows the temporal evolution of the AOD at 550 nm and the corresponding aerosol modes (fine-coarse-total) which contribute to it, as derived by the CIMEL data. It is very interesting to see that during the most intense dust period with extremely large dust loads (i.e. April, 16-17) the coarse particles contribute to more than 60-80% to the AOD values obtained at 550 nm, indicating again the presence of very large (dust) particles.
[7] The dust contribution to the total AOD at 550 nm, estimated by the DREAM model and for the period April, 15 to 30, after a 5 days model initialization, is also shown in Figure 1a . DREAM AOD values follow a temporal resolution of 3 hours. Comparing the AOD values obtained by CIMEL and DREAM, it is clearly seen that the model forecasts are following the total AOD variations quite reasonably during days with major dust events (April, 16, 17, 18, 26 and 29) . The dust days are confirmed by the anti-correlation between the AOD and a values. Deviations of CIMEL and DREAM values observed for days with lower AODs can be attributed to the fact that the model calculations of AOD are referring only to the dust contribution to the total AOD.
[8] In Figure 2 we present the spatial evolution of the dust event (AOD values at 550 nm) over the Asian region for the period of interest, according to the DREAM model. We see that Beijing is always influenced by high AOD values (>0.8) especially during the intense dust period (AOD > 3.5). The spectacular filament of dust starting from the Mongolian province region may cause maritime aerosols to mix with dust particles before reaching the Beijing area on April, 19.
[9] Aerosol backscatter measurements at 532 nm were performed by the lidar system over Beijing during certain time periods in April 2006. We focus on the aerosol profiles (range-corrected backscattered lidar signals) corresponding to the intense dust period which are shown in Figure 3a for the period of April, 15-16. In the evening of April, 15, a thin aerosol layer is present at 1.5 km height above sea level (a.s.l.), which ascents during the day at higher altitudes ($2 km). This layer mixes with boundary layer aerosols during the daytime and the mixing process results in high aerosol loading in the layer between 1 and 3 km. Later and after a short gap in the lidar measurements (due to cleaning of the receiving optics from deposited dust) on April, 16, between 8:00 and 9:30 UTC, the PBL is found to be fully developed and the aerosol load in the free troposphere is higher and the aerosol layers are finally extended between 1 and 4-5 km height range. This is the same period when, according to the DREAM model, the major dust episode takes place.
[10] In Figure 3b , the vertical profile of the aerosol backscatter coefficient obtained by lidar at 532 nm on April, 16 (12:00 UTC) is presented along with the corresponding dust concentration profile forecasted by the DREAM model. From this comparison one can see that the DREAM model forecasts correctly the dust layer thickness ($1-1.5 km), overestimating however the dust centre altitude by about 1 km. However, this difference can be improved using more accurate ground-topography and meteorological data. The input parameters [the so-called lidar ratio (LR)] for the Klett method used for the inversion of the aerosol backscatter coefficient profile were chosen in such a way that the integrated backscatter (IB) coefficient (0.032 sr À1 ), when multiplied with the appropriate LR, would give the AOD value measured by CIMEL, which was 2.7 at that time. For the lidar signal inversion we used the procedure proposed by Landulfo et al. [2005] , where a ''guess'' LR value (50 -60 sr) was initially chosen which is typical for Asian dust aerosols [Sakai et al., 2003] . The AOD value used for the estimation of the mean LR was calculated at 532 nm by the combined use of the a and AOD values at 440 nm as measured by the CIMEL. Thus, the mean LR at 532 nm was estimated to be equal to 84 sr, which is consistent with other LR values obtained during intense Saharan dust aerosol events over Europe [e.g., Müller et al., 2003; Balis et. al., 2004; Mona et al., 2006] and Asian dust events over Japan [Sakai et al., 2003] , although in the latter case mixing of dust particles with continental and maritime ones occurs.
[11] During the intense dust period the analysis of the sun photometric data revealed that the aerosol size distribution of the dust particles was mainly composed of large particles with radii around 2.5 mm and that the single-scattering albedo (w) was of the order of 0.92 ± 0.5 at 440 nm, thus indicating strongly scattering aerosols. To estimate the contribution of the light extinction by the free tropospheric particles versus the total AOD, we calculated the AOD in the PBL and the FT, separately. For these calculations we considered the PBL height as the height, below which most of the aerosol is confined (equal to lidar-derived dust layer height). According to our calculations, the free-tropospheric contribution to the total AOD on April, 16, was about 65%, since the dust layer height [Matthias et al., 2004] on April, 16, was found to be equal to 740 m. This finding is consistent with the coarse particle contribution to the total AOD at 550 nm which is of the order of 70% as calculated by the CIMEL (Figure 1c ) data for the period of the intense dust event. This result indicates that dust layers were well separated from local pollution, since mineral particles were lying mostly in the free-troposphere on April, 16. During the most intense phase of the dust outbreak on April, 17, it is evident that dust was present even in the PBL of Beijing, due to dry deposition processes. Vertical profiles of the dust concentration calculated by DREAM model (not shown here) show that after April, 16, dust layers move to lower altitudes, reaching finally the ground (April, 17).
[12] For the period of April, 17-19, the corresponding MODIS mean AOD values (at 550 nm) over the Asian continent are shown in Figure 4 in a form of a maximum value composite image. The very high dust load observed over northern China (AOD > 1) moves eastward the following days showing peak values in the greater area of Beijing on April, 17. MODIS AOD values at 550 nm over Beijing are also given in Figure 1a . Due to the fact that MODIS pixels are missing for the area of Beijing during the selected case study, proper AERONET-MODIS match-up 
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data sets could not be secured. Points shown in Figure 1a have been calculated using spatial averaging over a 100 Â 100 km window, a procedure which possibly leads to the discrepancy observed between MODIS and other AOD values shown in the graph for all days except the 17 April. The corresponding Total Ozone Mapping Spectrometer (TOMS) aerosol index (AI) values over China ranged between 2-3.5, while during the intense dust events they exceeded 4.5, indicating strongly absorbing particles (not shown).
[13] Qiu and Yang [2000] reported that during 1980 -1994 the mean AOD (at 750 nm) over N. China showed an increasing trend, mostly during winter time over Beijing, due to burning of fossil fuels. However, during the spring period where the dust events are most frequent, near the desert areas (e.g., Xing Jiang and the Inner Mongolia provinces) as well as over Beijing, mean AOD values (at 750 nm) close to 0.5-0.8 frequently occur. Recently, Gai et al. [2006] show that close to the China desert regions the mean AOD (at 440 nm) ranges from 1 -1.5, mostly during spring time with a 30% frequency of occurrence (during March and April). The corresponding a values during that period range from 0.1 to nearly 0, indicating mostly large particles. Therefore, these high AOD and low a values are solely representative for the near desert areas. Finally, according to Qiu and Sun [1994] the aerosol dust particles can be transported over most areas of north China towards the east, in the height range between 2 -7 km, which is in full accordance with our lidar observations.
Summary and Conclusions
[14] The dust event reported over the Asian continent-and especially over the Beijing area-is one of the most intense of the last years, since AOD values up to 4 (with corresponding a values close to 0 or even negative) were observed. Intense aerosol loading with a notable temporal variation (dust layers from around 6 km down to the ground) was observed. The lidar observations revealed several dust layers in the height region between 2 and 6 km and IB values as high as 0.032 sr À1 were observed at 532 nm. We also showed that the lidar technique is well suited to integrate and validate other aerosol observations and modeling results. The synergistic use of the CIMEL sun photometer and the lidar technique enabled us to estimate a dust aerosol LR of 84 sr. The dust layer contribution to the total AOD was estimated to be about 60-80% according to the DREAM forecast (dust layer AOD versus total AOD), the lidar (FT AOD versus total AOD) and the CIMEL (via coarse particles versus fine) observations, where large dust particles (radii > 0.5 mm) contribute predominantly in the AOD observed. The good correlation in magnitude and temporal variation between the CIMEL and DREAM AOD values and the aerosol vertical profiles of backscatter and mass concentration during the intense dust phase, permitted to validate the DREAM dust forecast model data over the Beijing area. These aerosol dust optical properties in the visible spectrum are very useful as input parameters to radiative transfer models over the eastern China region, since dust aerosols can have a large climatic impact through radiative forcing perturbations.
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